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from	several	nations	 in	 the	Atlantic	and	 Indian	Oceans	was	compiled.	Data	sets	 in-
cluded	information	on	location,	size	and	sex,	in	a	total	of	478,220	blue	shark	records	
collected	 between	 1966	 and	 2014.	 Sizes	 ranged	 from	 36	 to	 394	cm	 fork	 length.	
Considerable	variability	was	observed	in	the	size	distribution	by	region	and	season	in	
both	oceans.	Larger	blue	sharks	tend	to	occur	in	equatorial	and	tropical	regions,	and	
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1  | INTRODUCTION
The	blue	shark	(Prionace glauca,	Carcharhinidae)	is	one	of	the	widest	





anic	 species	 capable	 of	 long-	range	 migrations	 (e.g.	 Campana	 et	al.,	






Blue	 sharks	 are	 captured	by	 a	variety	of	 fishing	gears,	 but	most	
catches	 that	 have	 been	 reported	 take	 place	 as	 by-	catch	 in	 pelagic	
longlines	 targeting	 tunas	 (Thunnus	 spp.)	 and/or	 swordfish	 (Xiphias 










(International	 Commission	 for	 the	 Conservation	 of	 Atlantic	 Tunas)	
over	 the	 last	 few	 years	 (2010–2014)	 were	 approximately	 64,000	
t,	 of	which	approximately	58%	were	 from	 the	North	and	42%	 from	
the	 South	 Atlantic.	 Overall,	 this	 represents	 approximately	 8.5%	 of	
the	total	pelagic	 fish	 landings	 in	weight	 for	 the	Atlantic,	considering	












(2010–2014),	 the	 reported	 landings	 of	 “sharks	 nei—not	 elsewhere	








including	 the	 works	 of	 Hazin,	 Boeckmann,	 Leal,	 Lessa	 et	al.	 (1994),	
Mejuto	and	García-	Cortés	(2005),	Domingo,	Mora,	and	Cornes	(2002),	
Montealegre-	Quijano	 and	 Vooren	 (2010)	 and	 Carvalho	 et	al.	 (2011)	
in	 the	 south-	west	 Atlantic;	 Cortés,	 Brown,	 and	 Beerkircher	 (2007)	
and	Tavares,	Ortiz,	and	Arocha	 (2012)	 in	 the	western	North	Atlantic;	
Megalofonou,	 Damalas,	 and	DeMetrio	 (2009)	 in	 the	Mediterranean;	
and	Vandeperre,	Aires-	da-	Silva,	Santos	et	al.	(2014),	Vandeperre,	Aires-	
da-	Silva,	 Fontes	 et	al.	 (2014)	 in	 the	 Central	 North	Atlantic.	 Previous	
studies	have	also	investigated	size	distributions	of	blue	sharks	in	broad	
areas	 of	 the	 North	 and	 South	Atlantic,	 such	 as	Mejuto	 and	 García-	
Cortés	(2005),	and	in	more	specific	areas	of	the	Atlantic,	such	as	Tavares	
et	al.	(2012)	off	Venezuela	in	the	Caribbean	Sea	and	adjacent	waters,	
smaller	 specimens	 in	higher	 latitudes	 in	 temperate	waters.	Differences	 in	 sex	 ratios	
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Ecological	 risk	 assessment	 (ERA)	 methods	 have	 been	 used	 by	
some	t-	RFMOs	(tuna	Regional	Fisheries	Management	Organizations)	






conducted	 in	2008	and	2012,	 and	also	 showed	 that	 the	blue	 shark	
had	an	intermediate	vulnerability	level,	also	characterized	by	high	pro-






















To	date,	 an	oceanic-	wide	and	 fleet-	combined	study	on	 the	 size-	
structure	and	distribution	patterns	of	blue	shark	is	lacking.	However,	
this	 type	 of	 information	 is	 needed	 to	 provide	 better	 management	
advice	for	the	populations	at	an	oceanic-	level	scale.	Research	efforts	
have	been	carried	out	in	recent	years	by	scientists	both	in	the	Atlantic	
and	 Indian	Oceans,	 in	collaboration	with	 the	major	 fishing	 fleets,	 to	
provide	 and	 analyse	 such	 scientific	 data	 in	 support	 of	management	
advice.	This	includes	the	provision	of	size-	based	data	for	length-	based,	
age-	structured	 integrated	 stock	 assessment	models	 that	 have	 been	
used	more	recently	by	the	t-	RFMOs.
The	main	goal	of	this	study	is	therefore	to	provide	a	review	of	the	
detailed	 size	 distribution	 data	 available	 for	 the	 blue	 shark	 from	 the	
major	oceanic	fleets	that	target	tunas	and/or	swordfish	in	the	Atlantic	
and	 Indian	 Oceans,	 especially	 pelagic	 longline	 fisheries	 that	 can	
have	 relatively	high	catch	 rates	of	blue	sharks.	Additional	data	 from	


























A	 summary	of	 the	data	 collected,	 compiled	 and	used	 for	 this	 study	
is	provided	 in	Table	1.	A	 limitation	of	this	study	 is	 that	the	majority	
of	 the	 data	 collected	 came	 from	 fishery-	dependent	 sources,	 which	
affected	 the	 length	 compositions	 and	detection	of	 blue	 sharks	 (see	
Discussion	for	more	details).
Data	were	collected	across	a	wide	geographical	range	in	the	two	















PCL—pre-	caudal	 length;	 LW—live	 or	 round	 weight;	 DW—dressed	
weight).	 In	 those	 cases,	 all	 sizes	 and	weights	were	 converted	 to	 FL	
using	equations	available	at	the	national	research	institutes	(Table	2).









Sex	 ratios	 were	 calculated	 and	 mapped	 over	 a	 5°	×	5°	 (lati-
tude	×	longitude)	 grid	 for	 both	 the	Atlantic	 and	 Indian	Oceans.	The	







The	 proportions	 of	 immature	 versus	 mature	 specimens	 in	 each	
region	and	season	were	calculated.	 In	 the	Atlantic,	 the	median	 sizes	
at	maturity	(FL)	used	to	define	immature	and	mature	specimens	were	
















shark	size	distributions	as	a	 function	of	 location	 (latitude	and	 longi-
tude)	 and	 quarter	 of	 the	year	 in	 each	 ocean.	The	 predictors	 in	 this	
model	were	given	by	the	smooth	functions	of	latitude	and	longitude	
plus	a	parametric	component	for	the	quarters.	The	smooth	terms	for	
the	 location	 covariates	were	estimated	by	maximum	 likelihood	with	
thin	 plate	 regression	 splines	 (Wood,	 2003).	 The	 significance	 of	 the	
model	 parameters	was	 tested	with	 likelihood	 ratio	 tests	 comparing	
nested	models,	including	the	significance	of	the	interactions	between	
latitude,	 longitude	 and	quarter	of	 the	year.	Goodness	of	 fit	was	 as-
sessed	with	Akaike	information	criterion	(AIC;	Akaike,	1973)	and	with	
the	 final	 deviance	explained.	A	 residual	 analysis	was	 carried	out	 for	
model	validation.	The	expected	mean	 sizes	were	mapped	 along	 the	
study	area	in	each	ocean	and	for	each	quarter	of	the	year.
The	 analysis	 for	 this	 study	was	 carried	 out	 using	 the	 R	 language	
for	statistical	computing	version	3.2.0.	 (R	Core	Team,	2015).	Additional	
packages	used	 included	 the	 following	 libraries:	 “car”	 (Fox	&	Weisberg,	
TABLE  1 Summary	of	the	data	compiled	and	analysed	for	this	study	by	fleet	and	gear	type,	with	information	on	the	sample	size	in	number	
of	specimens	(N),	the	size	range	of	the	specimens	(FL—fork	length,	cm)	and	the	range	of	years	in	each	data	set
Ocean Country/fleet Gear Activity Sample (N) Size range (FL, cm) Years range
Atlantic Brazil Pelagic	longline Commercial 6,242 43–320 2004–2008
EU.Spain Pelagic	longline Commercial 99,053 41–310 1993–2013
EU.Spain Artisanal	longline Commercial 26,889 69–310 1998–2001
EU.Ireland Rod and reel Recreational 3,520 40–240 1970–2013
EU.Portugal Pelagic	longline Commercial 87,490 45–370 1997–2013
Japan Pelagic	longline Commercial 33,206 42–328 1997–2014
Namibia Pelagic	longline Commercial 11,578 38–352 2004–2013
Taiwan Pelagic	longline Commercial 59,107 40–394 2004–2013
Uruguay Pelagic	longline Commercial 69,157 36–305 1998–2012
USA Pelagic	longline Commercial 2,685 41–335 1992–2014
Venezuela Pelagic	longline Commercial 1,376 50–355 1994–2013
South	Africa Pelagic	longline Commercial 521 107–265 2012–2014
Indian EU.France Pelagic	longline Commercial 305 89–300 2007–2014
EU.France Pelagic	longline Research 53 100–270 2003–2011
EU.Portugal Pelagic	longline Commercial 15,276 80–299 2011–2014
Japan Pelagic	longline Commercial 39,978 41–369 1992–2014
Japan Pelagic	longline Research 4,163 62–307 1967–2002
Taiwan Pelagic	longline Commercial 10,275 51–350 2004–2013
USSR Pelagic	longline Research 2,975 57–311 1966–1989
South	Africa Pelagic	longline Commercial 4,371 70–322 2012–2014
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2011),	 “classInt”	 (Bivand,	2013),	 “ggplot2”	 (Wickham,	2009),	 “gmodels”	
(Warnes,	Bolker,	Lumley,	&	Johnson,	2013),	“KernSmooth”	(Wand,	2015),	
“lme4”	(Bates,	Maechler,	Bolker,	&	Walker,	2013),	“maps”	(Becker,	Wilks,	











men	 size	 ranges	 by	 ocean	 and	 fleet	 is	 provided	 in	 Table	1,	 and	 the	
distribution	map	of	the	sample	in	both	oceans	is	shown	in	Figure	2.
Size	 data	were	 not	 normally	 distributed	 (Lilliefors	 test:	D	=	0.036,	
p	<	.001),	and	the	variances	were	heterogeneous	among	regions	(Levene	




df =	12,	 p	<	.001),	 quarters	 (permutation	 test:	 chi-	squared	=	5484.8,	
df	=	3,	p	<	.001)	and	sexes	(permutation	test:	chi-	squared	=	1358,	df	=	1,	
p	<	.001).
Considerable	 variability	 was	 observed	 in	 the	 size	 distributions	
of	 both	 male	 and	 female	 blue	 sharks	 among	 areas	 (Figures	1–3).	
However,	with	 the	 areas	 structured	 as	 described	 above,	 blue	 shark	
size	distributions	within	each	area	were	mostly	unimodal	except	 for	
slight	evidence	of	bimodal	distributions	 in	some	areas	 (NAT-	NE	and	
NAT-	SW;	Figure	3).	 In	 the	Atlantic,	 smaller	 specimens	 tended	 to	 be	
captured	 in	 more	 temperate	 waters	 (NAT-	NE,	 SAT-	SW;	 Figure	3),	
while	 larger	 specimens	 tended	 to	 be	 captured	 more	 frequently	 in	
tropical	waters,	 especially	 between	West	Africa	 and	 the	 Caribbean	



















Ocean Relation Equation Source




Indian Pre-	caudal	to	fork	length FL	=	0.9095	+	PCL	*	1.0934 YugNIRO
Total	to	fork	length FL	=	3.6291	+	TL	*	0.8215 YugNIRO
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Ocean,	 smaller	 specimens	also	 tended	 to	be	captured	 in	more	 tem-
perate	waters	 (IO-	SE	 and	 IO-	SW,	 Figure	3),	 while	 larger	 specimens	
were	captured	more	frequently	in	tropical	waters	(IO-	NE	and	IO-	NW;	
Figure	3).	These	general	trends	tended	to	be	common	for	both	males	
and	 females.	However,	 in	 some	areas,	 there	were	more	marked	dif-
ferences	in	the	size-	frequency	distribution	of	each	sex	with	the	males	
being	noticeably	smaller	than	the	females	(IO-	SE;	Figure	3).
3.2 | Annual and seasonal variability
There	were	differences	in	time	series	of	the	mean	sizes	among	regions,	
with	some	regions	showing	relatively	more	stable	trends	than	others.	
The	 time	series	were	 relatively	 stable	 in	 the	NAT-	NE	and	SAT-	NW	
(Figure	4).	 In	 contrast,	 higher	 variability	was	 found	 in	 the	NAT-	NW	
and	NAT-	SE	(Figure	4).
No	major	 trends	 in	 the	 time	series	were	noticeable	 for	most	 re-
gions.	However,	 in	 some	 cases,	 such	 as	 the	 IO-	SW,	 there	were	 rel-
atively	pronounced	 trends	with	 larger	blue	 shark	 sizes	 in	 the	1970s	
(research	cruise	data),	followed	by	a	period	with	smaller	sizes	between	
1992	 and	 2006,	 and	 then	 another	 period	with	 larger	 sizes	 in	more	
	recent	years	(Figure	4).
Seasonality	and	sex	also	influence	the	size	of	blue	sharks	caught.	
In	 some	 areas,	 similar	 trends	were	 observed	 for	males	 and	 females	
throughout	the	year.	For	example,	in	the	SAT-	NE,	IO-	SE	and	IO-	SW,	
both	male	and	female	sizes	tended	to	decrease	throughout	the	year	
(Figure	5).	 In	 contrast,	 in	 the	 IO-	NW,	 both	 male	 and	 female	 sizes	
tended	to	increase	along	the	quarters	of	the	year	(Figure	5).
3.3 | Sex ratios
Of	all	 blue	 sharks	with	 sex	 recorded	 (417,552	 specimens),	 352,797	
were	 from	 the	 Atlantic	 and	 64,755	 from	 the	 Indian	 Ocean.	 In	 the	
Atlantic,	 165,229	 specimens	 (46.8%)	 were	 females	 and	 187,568	




















8  |     COELHO Et aL.




























males	 throughout	 the	year	 in	most	areas.	The	differences	 in	 the	sex	
ratios	observed	in	the	Indian	Ocean	were	significant	when	compared	
among	 the	 geographic	 areas	 as	defined	 in	Figure	1	 (proportion	 test:	





3.4 | Distribution of life stages
Considerable	variability	was	observed	in	the	distribution	of	young	ju-
venile	and	adult	specimens	in	both	oceans	when	considering	regions	
and	 quarters.	 In	 the	Atlantic,	more	 immature	 blue	 sharks,	 including	
young-	of-	the-	year	(age	0)	and	very	small	juveniles	(age	1),	were	cap-
tured	 in	 the	north-	east	 (Gulf	of	Biscay),	central	east	 (Azores	 Islands	
and	waters	west	of	the	Azores)	and	south-	west	 (off	southern	Brazil	
and	 Uruguay)	 regions	 (Figure	8),	 while	 adults	 were	 more	 abundant	
in	the	equatorial	and	tropical	Eastern	Atlantic,	 in	the	Gulf	of	Guinea	
and	 closer	 to	 the	 Cabo	 Verde	 Archipelago	 (Figure	9).	 In	 the	 Indian	
Ocean,	 the	densities	of	 juveniles	were	higher	 in	 the	 south-	west	off	
South	Africa,	and	south-	east	off	Australia	(Figure	8),	while	adults	were	
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more	 temperate	 waters	 of	 the	 Southern	 Indian	 Ocean	 (Figure	11).	







the	Atlantic	 and	 46.5%	 for	 the	 Indian	Ocean.	 The	 residual	 analysis	
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revealed	no	major	 trends	or	patterns	 in	 the	 residuals	 that	 could	be	
considered	problematic.
4  | DISCUSSION
This	 work	 provides	 the	 most	 comprehensive	 study	 on	 blue	 shark	
population	structure	and	size	distribution	patterns	ever	carried	out	in	
the	Atlantic	and	Indian	Oceans,	including	data	from	scientific	fishery	
observer	 programmes,	 fishery-	independent	 sampling	 programmes	
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the	equatorial	and	 tropical	 regions	of	both	oceans,	and	 the	smaller-	
sized	 immature	 specimens	 occurring	mainly	 in	 temperate	waters	 in	
higher	 latitudes.	 In	 the	Atlantic,	 immature	 sharks	 occur	 both	 in	 the	
temperate	north	and	temperate	south,	especially	in	the	north-	east	and	
in	the	south-	west	Atlantic,	while	in	the	Indian	Ocean	immature	sharks	
occur	 in	 temperate	 southern	waters,	 as	 the	Northern	 Indian	Ocean	
does	not	have	a	temperate	water	system.	This	general	size	segregation	
corroborates	the	patterns	previously	described	by	Mejuto	and	García-	












east	 and	 south-	west.	Again,	 these	 results	 corroborate	 the	 previous	
findings	from	Mejuto	and	García-	Cortés	(2005).	Similarly,	in	the	Indian	
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June	 to	August	 (Castro	 &	Mejuto,	 1995).	 Finally,	 parturition	would	
likely	take	place	in	more	temperate	waters	off	South	Africa	(da	Silva	
et	al.,	2010;	Hazin	et	al.,	2000),	as	confirmed	by	the	presence	of	ne-




smaller	 specimens,	 including	 young	 age	 0	 and	 1	 juveniles,	 occur	 in	
more	 temperate	waters	 off	Namibia	 and	 South	Africa	 in	 the	 south-	
east	Atlantic.	However,	a	high	density	of	smaller-	sized	specimens	 in	
temperate	 south-	west	waters	 off	 southern	 Brazil	 and	Uruguay	was	
also	found,	which	is	not	fully	concordant	with	the	previous	hypothesis.	










the	embryos	 take	9–12	months	 to	develop	and	are	born	 from	April	
to	 July.	 Based	 mainly	 on	 tagging	 data,	 Stevens	 (1990)	 added	 that	
adult	sharks	in	the	north-	west	Atlantic	could	move	offshore	into	the	
Gulf	Stream	or	south	along	 the	margins	of	 the	Gulf	Stream	 into	 the	
Caribbean.	Nursery	areas	 for	 the	species	 in	 the	North	Atlantic	have	
been	proposed	in	the	Mediterranean	Sea	and	off	the	Iberian	Peninsula,	
and	in	the	Central	North	Atlantic	off	the	Azores	Islands	(Aires-	da-	Silva,	
Ferreira,	 &	 Pereira,	 2008;	 Vandeperre,	 Aires-	da-	Silva,	 Santos	 et	al.,	
2014,	Vandeperre,	Aires-	da-	Silva,	Fontes	et	al.,	2014).	The	size	distri-
bution	patterns	reported	in	our	study	corroborate	and	expand	these	








detected	particularly	 in	 the	 temperate	Northeast	and	Central	North	





Atlantic.	 Our	 study	 also	 pinpointed	 a	 large	 concentration	 of	 adult	
specimens,	especially	 large	 females,	 in	 the	tropical	Northeast	 region	
around	the	Cabo	Verde	 Islands	and	off	West	Africa,	 in	a	region	that	





80%–90%.	Litvinov	 (2006)	hypothesized	 the	 functional	 role	of	 such	
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of	 the	 south-	west	 Indian	Ocean	off	 South	Africa,	 and	 in	 the	 south-	
east	 Indian	 Ocean	 off	 south-	western	Australia,	 implying	 that	 these	





























on	particular	depth	 ranges,	 as	 is	more	commonly	observed	 in	 tunas	
and	 billfishes	 (Nakano,	 Okazaki,	 &	 Okamoto,	 1997;	 Yokawa,	 Saito,	
Kanaiwa,	&	Takeuchi,	2006).	However,	the	 influence	of	depth	 in	the	
catch-	at-	size	 is	 still	not	completely	understood.	The	other	variables,	







































over	 entire	ocean-	basin	 areas.	There	 are	 likely	other	 finer-	scale	 ef-
fects	and	local	variability	patterns	affecting	distribution	that	are	not	
captured	 in	 our	 large-	scale	 models	 and	 analyses.	 Therefore,	 while	
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